Nickel-cobalt layered double hydroxides (Ni-Co-LDH) have recently been examined for their potential as battery-type hybrid supercapacitors made from metal hydroxide electrode materials, due to their unique spatial structure, excellent electrochemical activity, and good electrical conductivity. However, the main disadvantage restricting the application of Ni-Co-LDHs is their low electronic conductivity, which results in low capacitance. To address this problem, we used different concentrations of ammonium fluoride to control the Ni-Co-LDH surface morphology and direct growth on Ni foam (NF). We created Ni-Co-LDH composite electrode materials with different morphologies that showed large surface areas, high conductivity, and high electrochemical performance. Results showed that the samples prepared with ammonium fluoride additive had a higher specific capacity of about 1445 F g À1 at a current density of 2 A g À1 , a good specific capacitance rate of about 59.5% from 2 A g À1 to 40 A g À1 , and good capacity retention of up to 99% when the current density was enhanced to 30 A g À1 , suggesting promise for future applications.
Introduction
Electrochemical capacitors (ECs), oen called supercapacitors (SCs), are components that store electrical energy at the interface between a solid electrode and electrolyte. ECs have been used in energy storage for nearly a century. However, their low energy density has limited their use in low-power applications, such as components for short-term memory backup supplies or analog circuits. [1] [2] [3] [4] With the development of manufacturing technology, many low resistance and high surface area electrode materials have resulted from the ability to store more energy as electric charge. Supercapacitors are attracting increasing research attention because they rapidly provide higher energy densities than conventional dielectric capacitors and higher power densities than secondary batteries. [5] [6] [7] [8] [9] [10] The electrodes are commonly made from carbon-based active electrode materials, 11 transition metal oxides (RuO 2 , 12 Co 3 O 4 , 13 NiCo 2 O 4 (ref. 14) ) and hydroxides (Co(OH) 2 (ref. 15 ) and Ni(OH) 2 (ref. 16 )), and conducting redox polymers. 17 Metallic layered double hydroxides (LDHs) are promising positive electrode materials for SCs. LDHs have the general formula [M 1Àx 2+ M x 3+ (OH) 2 ] x+ [A nÀ x/n $mH 2 O] xÀ , where M 2+ and M 3+ represent bivalent (e.g., Ni, Mg, Cu, Zn) and trivalent metal ions (e.g. Co, Al, Fe, Mn), x ¼ 0.2-0.33, A nÀ is the chargebalancing anion, and mH 2 O represents the interlayer water molecules. Ni foam-supported LDHs have attracted attention as potential catalysts for water splitting, batteries, and other applications. They can also be used as binder-free electrodes in high-performance supercapacitors, which has stimulated growing interest in the application of ECs. [18] [19] [20] [21] In particular, Ni-Co-LDHs are considered good candidates with high specic capacities. The developed Ni-Co-LDH nanostructures can deliver high specic capacitance because of their reasonable mesoporous pore-size distribution, high specic surface area, and the synergistic effects of Ni/Co and multiple Co valance states (Co 2+ , Co 3+ ). However, the semiconductor nature of Ni-Co-LDHs, along with other transition metal-based LDHs or hydroxides as typical battery-type materials, has exacerbated their poor rate capability. Their kinetics, particularly at high rates, are limited by diffusion-controlled and phase-change processes, which lead to structural instability and a reduced capacity. 22 Consequently, research has been carried out to enhance their performance by mixing with carbon materials to fabricate nanosized architectures to activate more surface reaction sites or develop improved conductivity. 23, 24 One such attempt used Ni foam (NF), which is highly conductive, light, and cost-effective. By facilitating maximum use of the active materials, the severe agglomeration of LDH was reduced. Threedimensional porous NF provides more canals that enable electrolyte ions to quickly penetrate the active LDH electrode materials, and the direct contact of LDH on NF avoids the use of polymer binder/conductive additives compared with common slurry-coating technology. Through electrochemical tests, this method has been shown to produce ultrahigh capacitance, good rate capability at high current density, and low resistance. Some LDH electrode materials have been produced by adding ammonium uoride (NH 4 F) to improve the electrochemical properties. However, the effect of NH 4 F on the electrochemical properties has yet to be studied in depth.
In this study, a simple and effective method for adding NH 4 F was used to prepare high-performance Ni-Co-LDH electrodes by hydrothermal synthesis, using Ni foam as the substrate to enable the growth of vertical Ni-Co-LDH nanostructures. Different amounts of NH 4 F were used to prepare Ni-Co-LDHs with different nanostructures, and their physical characterization and electrochemical performance were discussed.
Experimental details

Ni-Foam-based Ni-Co-LDH electrode preparation
All chemicals used in this study were of analytical grade and used without further purication. Ni foam (10 mm Â 10 mm Â 0.1 mm) was cleaned consecutively with acetone, absolute ethanol, 1 N HCl, and distilled water, and then stirred with ultrasonication for 15 min to remove the possible surface oxide layer. Co(NO 3 ) 2 $6H 2 O (0.5 mmol) was mixed with Ni(NO 3 ) 2 $6H 2 O (1 mmol) in deionized (DI) water (50 mL) and then stirred with ultrasonication for 30 min. Next, urea (6 mmol) was mixed with different amounts of NH 4 F (0 mmol, 0.75 mmol, 1.5 mmol, 2.25 mmol, 3 mmol, and 4.5 mmol) at 10 min intervals with constant stirring. These samples were marked as A, B, C, D, E, and F, respectively. The cleaned Ni foam and urea/NH 4 F solution were transferred to a 100 mL Teon stainless steel autoclave and treated at 100 C for 8 h to allow Ni-Co-LDH growth. Once the autoclave had cooled to ambient temperature, the product was collected, rinsed with ethanol and deionized water to remove surface ions and adsorbed solvents, and dried at 60 C for 12 h. Fig. 1 shows a schematic illustration of the fabrication process for the Ni-Co-LDH nanostructures.
Characterization
Ni-Co-LDH specimens were characterized by X-ray diffraction (XRD, Bruker D8 Advance X-ray) using Cu Ka radiation (l ¼ 0.15406 nm) at 40 kV and 30 mA from 5 to 80 at 5 min À1 . The structures and morphologies of the specimens were characterized using eld emission scanning electron microscopy (FESEM, LEO-1530, Zeiss) with an applied voltage of 5 kV.
The electrochemical properties of the samples were examined under a three-electrode system using a 6 M KOH aqueous solution as the electrolyte at ambient temperature. Prior to tests, the Ni-Co-LDH-NF selected as the working electrode was soaked in 6 M KOH solution and degassed under vacuum for 5 h. A saturated calomel electrode (SCE) and platinum foil were used as the reference and counter electrodes, respectively. Cyclic voltammetry (CV), galvanostatic charge/discharge measurements, and electrochemical impedance spectroscopy (EIS) were performed using a ZIVE SP2 electrochemical working station. EIS measurements were performed over a frequency range of 100 kHz to 0.01 Hz at the open circuit potential with an AC perturbation of 5 mV. The specic capacity of each specimen was determined from the galvanostatic charge/discharge curves using the following equation:
, and m (g) are the specic capacity, discharge current, discharge time, and voltage change aer a full charge or discharge process, and the mass of the active material in the electrode, respectively.
Results and discussion
Synthesis and characterization
The metal hydroxide nanostructures were prepared by hydrothermal synthesis from an aqueous solution of a metal-uoro complex, [MF n ] mÀn , which was gradually hydrolyzed by adding water. The Ni-Co-LDH-NF electrodes were also prepared by hydrothermal synthesis. In this process, the following reactions occurred: 25
Co(NH 2 ) 2 + H 2 O / 2NH 3 + Co 2 (1) [NiF x ] (xÀ2)À + nH 2 O / [NiF xÀn (OH) n ] (xÀ2)À + nHF
When the temperature was increased from room temperature to 100 C, the urea initially decomposed (1)- (3) . Reactions (4) and (5) then afforded fresh Ni parent solution [NiF x ] (xÀ2)À . Then, in the presence of water, the reversible hydrolytic reaction of [NiF x ] (xÀ2)À and [NiF xÀn (OH) n ] (xÀ2)À occurred, producing hydrogen uoride (6) . As the reaction progressed, [NiF xÀn (OH) n ] (xÀ2)À was slowly hydrolyzed to [Ni(OH) x ] (xÀ2)À , forming an a/b-Ni(OH) 2 mixed structure. During this time, the added Co 3+ ions were inserted into the crystal lattice. The trivalent cobalt ion displaced nickel ions in the nickel hydroxide laminates. Finally, Ni-Co-LDHs were formed on the substrate surface (7) . Fig. 2 shows the diffraction patterns of powder samples of Ni-Co-LDHs with different amounts of NH 4 F (0-4.5 mmol). The XRD pattern of Ni-Co-LDH exhibited (006), (003), (015), (012), (107), (018), (1010), (0111), (113), and (116) reections, representing the characteristic hydrotalcite-type structure (JCPDS 33-0426). The diffraction peaks become higher aer adding NH 4 F, showing that Ni-Co-LDH had better crystallinity with increasing NH 4 F concentration. Ni(II) hydroxide has two wellcharacterized polymorphs, a and b. The a-structure consists of Ni(OH) 2 layers with intercalated anions or water. The b-form adopts a hexagonal close-packed structure of Ni 2+ and OH À ions. Nickel hydroxide was present in the a-form in Ni-Co-LDH. A new b-Ni(OH) 2 phase (JCPDS 14-0117) emerged with increasing NH 4 F concentration ( Fig. 2B-F) . [26] [27] [28] With added NH 4 F, the XRD pattern exhibited new reections at 19.258 , 33.064 , 38.541 , 52.100 , 59.052 , 60.240 , 72.737 , and 73.169 . With increasing NH 4 F concentration, the a-Ni(OH) 2 peaks decreased, while the b-Ni(OH) 2 peaks increased, indicating that more b-Ni(OH) 2 was produced. This change in nickel hydroxide crystal structure was caused by the introduction of uorine ions from NH 4 F, which resulted in a metal-uoro complex, [NiF n ] mÀn , that was gradually hydrolyzed to b-Ni(OH) 2 by water. Fig. 3 shows a possible formation mechanism for Ni-Co-LDHs supported on Ni foam. NH 4 F played an essential role in activating the substrates, resulting in the formation of Ni-Co-LDHs. NH 4 F is largely associated with adhesion between the substrate and arrays. Without NH 4 F participation, only needlelike nanowires and nanoower arrays of Ni foam were observed. As the amount of NH 4 F increased, new b-Ni(OH) 2 was produced. The unique a-Ni(OH) 2 /b-Ni(OH) 2 hybrid structure altered the original Ni-Co-LDH nanostructures. Meanwhile, uorine ions produced nickel foam with a high binding energy to the Ni-Co-LDH, resulting in the close growth of the nanostructures on nickel foam and increased loading. Fig. 4 shows SEM images of the Ni-Co-LDH-NF composites containing different amounts of NH 4 F (0-4.5 mmol). Fig. 4a and a 0 (the latter showing a higher degree of magnication) show a large number of acicular nanosphere structures with short needles. Fig. 4b and b 0 show a structure consisting of numerous nanowires and a few nanoowers with slender nanowires. Fig. 4c and c 0 show numerous nanowire structures. As the amount of NH 4 F increased, a Ni-Co-LDH nanosheet array morphology was observed, as shown in Fig. 4 . Ni-Co-LDH directly deposited on the NF substrate resulted in a dense distribution of nanoakes, which diminished the specic surface area. Fluorine ions are strongly electronegative, leading to an increased metal ion binding energy, which results in LDH growth occurring closer to the nickel foam surface. Under the inuence of uorine ions and the a/b-Ni(OH) 2 mixed structure, the Ni-Co-LDHs formed unique nanostructures.
The nanowire structures were perpendicular to the nickel foam surface. When the nanowires were the same size as the nanostructure, the nanowires had a larger surface area and higher efficiency in electrochemical reactions. In battery-type supercapacitors, the surface area directly inuences the electrochemical properties in surface oxidation/reduction reactions. The surface affects the wetting ability of materials and electrolyte entry into the material. A larger surface area can facilitate the diffusion of active species and electron transport and, therefore, may further broaden their applications in electrochemical supercapacitors. 29 However, when further increasing the NH 4 F concentration, numerous nanosheets were grown on the nickel foam. Reduced surface areas decrease the electrochemical performance. 30 
Electrochemical characterization
For applications in energy storage, Ni-Co-LDH nanowire arrays on Ni foam were used in supercapacitor electrodes to determine their potentiality. Fig. 5a shows CV curves of the asprepared Ni-Co-LDHs in 6 M KOH solution at a scan rate of 5 mV s À1 . All Ni-Co-LDH-NF electrodes produced CV curves at different sweep rates that showed typical battery-type characteristics, with two highly reversible redox peaks within a potential window of 0 to 0.6 V. This was due to the faradaic redox reactions between M-O-OH and M-OH (M represents Ni or Co ions). The main reaction process was described as follows: 19
Ni(OH) 2 The Ni-Co-LDH-NF electrodes had the highest peak currents, as shown in Fig. 5a , demonstrating improved charge transfer in the specimen. The reduction and oxidation peak currents had good symmetry, and their response to current was roughly the same, showing good electrochemical reversibility. Comparing the electrode CV curves clearly showed that, with added NH 4 F (0.75 mmol or 1.5 mmol), the electrode reduction and oxidation peaks were higher, and the oxidation reduction peak slope was increased, demonstrating that the larger surface area of the nanowires afforded a faster electron transfer rate. Adding different amounts of NH 4 F (0 mmol, 3 mmol, and 4.5 mmol) caused the electrode reduction and oxidation peaks to become less sharp. NH 4 F at 0.75 mmol in the electrode produced faster charge transfer efficiency and better oxidationreduction reversibility.
Ni-Co-LDH-NF charge/discharge curves within the potential range 0-0.55 V at different current densities are shown in Fig. 5b . When the charge/discharge current was 2 A g À1 , the corresponding values of specic capacitance were 945, 1445, 1206, 951, 476, and 151 F g À1 for 0, 0.75, 1.5, 2.25, 3, and 4.5 mmol of NH 4 F, respectively. The results showed that using the appropriate amount of NH 4 F improved the electrochemical properties, while larger amounts reduced the specic capacitance of the Ni-Co-LDHs.
The electrode electrochemical impedance spectroscopy (EIS) curves of the samples are shown in Fig. 5c . The curve of the sample electrode had a high frequency area (half arc), intermediate frequency area (transition section), and a low frequency area. The electrode resistance was small because the resistance of the nanosheet was lower than that of the nanowire. This was due to the nanowire having a larger specic surface area, which made the substance more active and guided dielectric full contact in the electrode reaction. 31 Electron and proton diffusion occur easily, but a large surface can decrease the apparent density and increase contact resistance. 32 For the high-frequency semicircle, the diameter signied electrode and electrolytic liquid surface charge transfer resistance. 33 A smaller semicircle diameter corresponded to smaller electrochemical impedance. As the amount of NH 4 F was increased (0-3 mmol), the semicircle diameter became smaller. Fluorine ions created nickel foam with a high binding energy to Ni-Co-LDHs, causing the charge from the active material to rapidly transfer to the nickel foam. The low-frequency area line signies ion diffusion resistance inside the material, with larger straight slopes representing performance closer to ideal capacitance. 33 The poor performance of the Ni-Co-LDH-NF materials at high current densities was due to their poor intrinsic conducting nature. Fig. 5d shows the electrode specic capacity at different current densities. When the current density was increased to 40 A g À1 , the electrode specic capacity retention rates were 59.5%, 54.22%, 57.73%, and 58.12% with NH 4 F contents of 0.75, 1.5, 2.25, and 3 mmol, respectively. Without adding NH 4 F to the electrode, the retention rate was only 31.5%. The high performance ratios were mainly attributed to the introduction of NH 4 F. This characteristic was very important for supercapacitors under different current densities, even high current density, as it can result in better capacitance performance. 34 Cycle life is an important factor in electrochemical performance. The electrochemical stability of the Ni-Co-LDH-NF samples at 30 A g À1 over 3000 cycles is shown in Fig. 5e . The capacitive retention rates were 88%, 40%, 90%, 99%, and 97% for NH 4 F contents of 0, 0.75, 1.5, 2.25, and 3 mmol, respectively. At 0.75 mmol of NH 4 F, the capacitive retention rate was very low. This was due to the single nanowire being slender, and a-Ni(OH) 2 having more molecular defects, which led to poor cycle stability. Continuous charge and discharge tests destroyed its nanostructure and reduced its electrochemical properties. However, the increasing b-Ni(OH) 2 content obtained with increasing NH 4 F content resulted in Ni-Co-LDH-NF samples with better capacity retention. These ndings showed that Ni-Co-LDH-NF exhibited excellent cycling stability when adding more than 90% NH 4 F and increasing the current density to 30 A g À1 . Cai et al. 35 previously fabricated Ni-Co-LDHs decorated on rGO with a cycle stability of 74% for 1000 cycles at a current density of 20 A g À1 . Furthermore, Zhang et al. 36 synthesized Co-Al-LDH/graphene with a cycle stability of 89% for 2000 cycles at a current density of 10 A g À1 . Compared with these previously reported systems, Ni-Co-LDH-NF samples exhibited excellent cycle stability at higher current densities (Fig. 5f ).
Conclusion
In this study, Ni-Co-LDHs containing different amounts of NH 4 F were grown on Ni foam as high-performance supercapacitor electrodes using the hydrothermal method. By adding NH 4 F, the prepared Ni-Co-LDH-NF electrodes attained high specic capacities of about 1445 F g À1 and high cycling stabilities of more than 90% aer 3000 cycles of activation at 30 A g À1 . Good specic capacitance of about 59.5% was also achieved at 2-40 A g À1 , which was higher than that of most previously reported Ni-Co-LDH-based materials. These ndings demonstrate that adding NH 4 F to Ni-Co-LDH-NF electrodes has great potential for applications in energy storage devices. 
